

























are  dominated  by  seawater‐derived  components  introduced  by  subduction,  remains  a 
matter  of  debate.    About  90%  of  non‐radiogenic  xenon  in  the  Earth’s  mantle  has  a 
subducted  atmospheric  origin,  but  the  degree  to  which  atmospheric  gases  and  other 
seawater  components  are  coupled  during  subduction  is  unclear.   Here  we  present  the 
concentrations of water and halogens in samples of magmatic glasses collected from global 
mid‐ocean  ridges  and  ocean  islands.   We  show  that  water  and  halogen  enrichment  is 
unexpectedly  associated  with  trace  element  signatures  characteristic  of  dehydrated 
oceanic crust, and that the most incompatible halogens have relatively uniform abundance 
ratios that are different from primitive mantle values.  Taken together, these results imply 
that  Earth’s  mantle  is  highly  processed  and  that  most  of  its  water  and  halogens  were 
introduced  by  the  subduction  of  serpentinised  lithospheric  mantle  associated  with 
dehydrated oceanic crust.   
µ 
Quantifying the global cycles of volatile elements  into and out of  the mantle  is critical  for 
modelling planetary evolution1‐7. Trace elements and radiogenic isotopes provide important 
information about mantle heterogeneity, with many features of Ocean Island Basalts (OIB) 
commonly  attributed  to  the  presence  of  recycled  subducted  ocean  crust  (the HIMU  end‐
member) or sediment (EM end‐members)  in their mantle sources (Fig 1; refs 8‐10).   Melts 
sampling EM (Enriched Mantle) reservoirs are known to be depleted in H2O and Cl relative to 
lithophile  elements  of  similar  mantle  incompatibility,  consistent  with  the  presence  of 






of  globally  distributed  submarine  glasses  representing  melts  formed  from  all  the  major 
mantle  end‐member  reservoirs  (Figs  1  and  S1,  electronic  supplement).    The new  samples 
include  submarine  HIMU  glasses  dredged  from  around  St  Helena  Island  in  the  southern 
Atlantic9,14, and from the Foundation Seamount chain in the SE Pacific15. The latter samples 
show variable trace element and 206Pb/204Pb enrichment that result from interaction between 





Pitcairn, and primitive  ‘OIB’ with high  3He/4He  from Baffin  Island, Samoa and the NW Lau 
Basin (Fig 1)11,12,17‐21.  In total we have evaluated data from ~400 glasses enabling us to define 
global  baselines  for  mantle  halogen  and  H2O  abundance  ratios  and  elucidate  previously 
























the  mantle  source4,13,17‐20,23,25.    The  similarity  of  these  elements  relative  mantle 
incompatibilities  is  illustrated  for  the  silicate melts  investigated  in  Fig  3  (see  also  Fig  S3, 
electronic supplement)4,23,27.  This figure also shows that F, which has a significantly higher 
compatibility, is more similar to Pr than to Nd, which has been widely used for comparison 
with  F  previously11,18,19,26  (Fig  3).    The  scatter  of  element  pairs  around  the  log‐log  slopes 
indicated by the coefficients of determination (r2) in Fig 3 is highly variable.  We attribute the 
exceptionally  strong correlation between Br and Cl  to  the  similar behaviour of  these  fluid 
mobile halogens during both mantle melting and subduction.  In contrast, other element pairs 











4a)28,29.    A  particularly  interesting  feature  of  these  lavas  is  that  their  H2O/Ce  ratios  are 
positively correlated with 208Pb/207Pb (r2 = 0.67; Fig 4a), implying that the HIMU component 
in  the  Foundation  source  is  actually  enriched  in  H2O  relative  to  similarly  incompatible 
elements in the surrounding MORB mantle (Fig 4a).  The HIMU influenced MORB from the 





















melting  and  crystallisation processes,  because:  F,  Cl  and  lithophile  elements  all  have high 
solubilities  in  submarine  lavas,  and  the  plotted  ratios  involve  elements  of  similar mantle 


































association  of  H2O  and  halogen  enrichment  with  depletion  of  other  fluid  mobile  trace 
elements in the mantle (Fig 4d‐f) can be regarded as a fingerprint for serpentinite subduction.  







suggests  there  are  systematic  variations  in  mantle  halogen  and  H2O  content  that  are 
unrelated to melt extraction (Fig 4).   Importantly, Cl/K encompasses similar ranges in OIB and 
MORB  as well  as  in  both  depleted  and  enriched MORB  (Figs  3‐4  and  Table  S1,  electronic 
supplement). Therefore, even  though  low Cl/K  ratios are common  in depleted MORB,  the 
total variation  in mantle Cl/K cannot be attributed  to  the melt extraction history  (cf.  refs. 
22,26).    Rather the Cl/K, F/Pr and H2O/Ce ratios of mantle sources are largely inherited from 





The  median  Cl/K  of  the  OIB  and  MORB  investigated,  which  we  consider  fairly 
representative of the entire mantle, is 0.06 ± 0.01.  This value is ~6 times higher than the value 
previously  adopted  as  representative  of  depleted  MORB  unaffected  by  seawater 
assimilation37, which has been used to estimate unrealistically low concentrations of Cl and 
Br  in  the primitive mantle38.    The use of mantle Cl/lithophile  ratios  to  constrain primitive 
mantle Cl concentration is subject to large uncertainty because, as we have shown, Cl and 
H2O are fractionated from lithophile elements in surface reservoirs and during subduction.  
Halogen  and  H2O  concentrations  of  the  terrestrial  primitive  mantle  can  therefore  be 






levels  of  confidence and Cl, which  is  concentrated  in ocean water  and evaporites,  can be 
quantified  with  much  greater  precision  than  Br  or  I  (Table  1).      We  estimate  average 
concentrations of halogens in a single processed mantle domain that has been affected by 
melt extraction and subduction input based on the median values of F/Pr, Cl/K, Br/Cl and I/Cl 
ratios  in  the MORB  and  OIB  investigated  (Figs  2‐4;  Table  1,  electronic  supplement).   We 
assume that the processed mantle domain encompasses 70 ± 20 % of the total mantle based 
on  the  rarity  of  OIB  with  high  3He/4He  ratios40  and  the minimum  of  50%  defined  by  the 




















Isotopic  data  indicate  that  ~85‐90%  of  the  non‐radiogenic  Kr  and  Xe  and  a  large 
proportion  of  the  N  in  the  mantle  sources  of  both  OIB  and  MORB  have  a  subducted 
atmospheric  origin5‐7,46.  Given  that  halogens  and  H2O  are  more  easily  incorporated  into 
mineral  phases  within  the  subducting  slab  than  noble  gases,  the  presence  of  subducted 
halogens and water in the mantle is to be expected.  
The  deep  subduction  fluxes  of  halogens  and  H2O  are  loosely  constrained  by  the 
constancy  of  continental  freeboard,  which  requires  that  the  amount  of  water  at  Earth’s 






















volatile  transport  during  subduction3,45,49,50,  however,  the mantle‐scale  association of H2O 
and halogen enrichment with fluid‐mobile trace element depletion shown here provides one 
of  the  first  lines  of  evidence  for  the  actual  impact  of  serpentinite  subduction  on mantle 
volatile budgets.  The implied flux of seawater‐derived volatiles into the mantle reconciles the 
behaviours  of water  and  halogens with  noble  gases5‐7  and  challenges  traditional  views  of 
planetary evolution.  The suggested exchange of halogens and H2O between the surface and 
mantle reservoirs (Table 2) means that it should no longer be assumed that the atmospheres 
and  oceans  were  produced  by  outgassing  of  the  mantle1.  Rather  scenarios  in  which  the 






























































































































































were  collected  from  the East Pacific Rise and Galapagos Spreading Centre.   We gratefully 












Supplementary  information  is  available  in  the  online  version  of  this  paper.  Reprints  and 






































  Mass (kg)  F ppm  Cl ppm  Br ppb  I ppb  H2O wt. % 
  ×1021           








Marine sediments  0.5 ± 0.1  1000 ± 300  4000 ± 3000  40,000 ± 20,000  30,000 ± 15,000  20 ± 15 
Sedimentary rock  1.5 ± 0.3  550 ± 100  700 ± 400  4,000 ± 3,000  1,500 ± 1,000  3 ± 2 





Cont. + oc. Crust  26 ± 3  550 ± 100  300 ± 100  600 ± 250  18 ± 9  1.0 ± 0.5 
Processed mantle  2800 ± 800  12 ± 2  5 ± 2  13 ±  6  0.3 ± 0.1  0.02 ± 0.01 








  Mass   H2O   Cl 




Volcanic output           
MORB  4.0  0.1‐0.4  0.4‐1.6  40‐80  1.6‐3.2 
OIB  0.4  0.6‐1.2  0.2‐0.5  200‐400  0.8‐1.6 
Total output  4.4    0.6‐2.1    2.4‐4.8 
Deep subduction input           
Dehydrated slab 
(sediments + crust) 
~4.4    0.3‐0.8    0.2‐0.5 
Serpentinised 
lithosphere (1‐2%)* 
0.07‐0.015  13  1‐2  2000  1.5‐2.9 
Total deep input      1.2‐2.7    1.6‐3.5 
Estimated mantle inputs and outputs based on data from numerous sources  including refs. 1,3,47.   The H2O and Cl 









The heavy halogens (Cl, Br, I) and K were analysed in high purity glass separates of 6-
30 mg by measuring irradiation-produced noble gas proxy isotopes (38ArCl, 80KrBr, 128XeI and 
39ArK)51.   The samples were included in six different irradiations between 2010 and 2015, 
conducted in 3 different reactors (McMaster, Canada; USGS Triga; UC Davis, McClellan). 
The irradiations had durations of 30-80 hrs and the sample canisters were not shielded with Cd.  
Irradiation parameters and noble gas production ratios (38Ar/Cl, 39Ar/K, 80Kr/Br and 128Xe/I) 
were monitored using the 40Ar-39Ar flux monitor Hb3gr and 3 scapolite standards17.  The 
irradiations had total neutron fluences of (0.4-1.3)×1019 neutrons cm-2 and thermal/fast ratios 
of 2.6-0.8 (see Table S4 electronic supplement).  Following irradiation the samples were 
returned to the noble gas laboratory, loaded into Sn-foil sample packets and placed in an ultra-
high vacuum noble gas extraction system. The noble gases were extracted from the glasses by 
fusion at 1500 °C in an ultra-high vacuum resistance furnace and analysed for isotopes of Ar, 
Kr and Xe using an MAP-215-50 noble gas mass spectrometer. Gas handling and data 
reduction have been described in detail previously17,51. The internal precision of elemental 
concentrations in samples included in a single irradiation is 1-2% (based on the reproducibility 
of noble gas air standards).  However, the reproducibility between irradiations is estimated as 
~5% for K, Cl and Br and ~10% for I (2σ) based on analyses of air standards, Hb3Gr and the 
halogen scapolite standards (Fig S4 electronic supplement).  
F measurement by SHRIMP at ANU 
Fluorine measurements were undertaken in two analytical sessions using SHRIMP-SI 
and SHRIMP-II at the Australian National University.  Glass chips were mounted in epoxy 
resin, given a 1 micron polish and 10 nm thick gold coat.   The sample mounts were held at a 
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potential of -10kV in an ultra-high vacuum sample chamber and targeted with a primary Cs+ 
ion beam focused to a ~30 µm spot on the sample.  The ion beam generated with a Kimball 
Physics Cs gun (IGS-4) was 2 nA and had an energy of 5 kV.  Charge compensation was 
achieved by focussing a 2 kV electron beam generated with a Kimball Physics electron gun 
onto the sample mount.  Secondary 19F and 18O released from the sample were measured by 
Faraday multi-collection (1011 and 1012 resistors).  The instruments were configured to give 
resolution of 5000 (1% valley definition).  Data was collected over four 20 sec integration 
periods in static mode (total measurement time 80 sec).   The measured 19F signal was 
calibrated using 18O as the internal standard and a suite of glasses previously measured for F at 
the Carnegie Institute of Washington26,52, and three widely available glasses (SRM 610, 612 
and BHVO) (Fig S5).  The reported measurements for each sample are the average of 3-5 
measurements on different glass chips. Internal reproducibility is 1-2% but accuracy is limited 
to a lower level by the standards available for calibration (Fig S5). 
FTIR water measurements at the University of Tasmania 
Water measurement were undertaken in 78 MORB and OIB glasses using the Bruker 
Vertex 70 (FT-IR) + Hyperion 2000 microscope at the University of Tasmania.  Spectra and 
background were collected in transmission mode using 128 scans between 4000 and 1200 cm-
1.  In most cases the reported analyses represent the average of 3 measurements made on areas 
of 60×60 μm using a 15x IR objective (NA=0.4).  The thickness of the glass (approximately 
200 µm) was precisely determined for each measurement area using interference fringes in the 
spectral region between 2600 and 2400 cm-1.  The height of the absorbance peak was measured 
at 3500 cm-1 and 3100 cm-1 and converted to a H2O concentration on the basis of empirically 





The concentrations of major elements were measured using the Cameca SX-100 
electron microprobe at the ANU and University of Tasmania and the SX-50 at the University 
of Melbourne. The analytical conditions were broadly similar at each laboratory. At ANU they 
conbsisted of an accelerating potential of 15 keV, beam current of 20 nA and a 5 µm spot size. 
Counting times were 1-30 s for the majority of elements.  The concentrations of trace elements 
were determined by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-
MS) at the ANU, University of Tasmania and the University of Melbourne. Each laboratory 
used a 193 nm Eximer laser and Agilent (7700x, 7500S or 7500cs) mass spectrometer and 
standardised the analyses using a combination of NIST SRM612, BHVO2G and BCR2G 
analysed as calibration standards and unknowns. At ANU, the CompexPro 110F ArF excimer 
laser was run with a frequency of 5 Hz in energy-constant mode, which ensured a stable fluence 
at the sample surface of 5-6 J/cm2. A focused spot size of 37 or 105 µm was used for sample 
and standard analyses (larger spot size for depleted MORB). Ultra-high purity He and Ar were 
used as the carrier gas. NIST SRM 612 were used as primary calibration standard with CaO 
used as the internal standard.  Counting times were 0.01-0.07 for each element.  Analytical 
conditions were similar at the University of Melbourne and the University of Tasmania.  
Unknowns were analysed after every 8-10 analyses in each laboratory and gave concentrations 
close to published values.  The reported concentrations represent the averages of 3-5 analyses 
on different glass chips of each sample. 
Isotopic analysis at PSO‐Brest 
The Pb, Sr and Nd isotope compositions of Foundation and St Helena samples were 
acquired using the Pôle de Spectrométrie Océan facilities (PSO-Brest).   In order to eliminate 
potential seawater alteration, chips of the glasses totalling 100mg were rigorously cleaned by 
leaching with 4 ml of 6N HCl at 85°C for 20 to 40 min, and the leached glasses were then 
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rinsed three times with de-ionized water.  Leached glass chips were digested with a HF-HBr 
3:1 (Romil-UpA™ - [Pb < 1 ppt]) mixture for 48 h and then evaporated to dryness. The residue 
was re-dissolved in HBr and aliquots of Pb, Sr and Nd were purified from the resulting solution 
by chemical chromatography following a procedure adapted from Manhes et al., (1984)54. 
First, the dissolved sample was loaded into anionic AG1X8 200–400 mesh columns 
and eluted to produce a Pb solution and waste fractions that were retained for Sr and REE 
extraction (below).  The Pb fraction was purified a second time on the same column and the 
resulting high purity Pb solution was evaporated, redissolved in HNO3 2% and spiked with Tl 
prior to analysis.  Pb isotopes were measured on a Thermo Fischer Neptune MC-ICP-MS 
(PSO/Ifremer, Plouzané, France).  NIST 981 standard was used for internal control (mean 
values (n = 36) 206Pb/204Pb = 16.931 ± 0.006 (2σ); 207Pb/204Pb = 15.488 ± 0.005 (2σ); 
208Pb/204Pb = 36.692 ± 0.014 (2σ); recommended values 206Pb/204Pb = 16.937 ± 0.006; 
207Pb/204Pb = 15.491 ± 0.008; 208Pb/204Pb = 36.721 ± 0.016). Blanks were less than 100 pg of 
Pb.  
The waste fractions eluted from the Pb protocol were evaporated to dryness then re-
dissolved twice in HNO3 14N and dried again.  The residue was finally dissolved in HCl 2.5N 
and loaded for Sr and REE separation on cationic AG50X8 columns. Later Nd was separated 
from the REE fraction using LnSpec Eichrom resin. Sr and Nd isotopes were determined on a 
Thermo Electron™ Triton T1 (PSO/IUEM, Plouzané, France) using procedures adapted from 
White and Patchett [1984]55 and Richard et al. [1976]56.  Sr isotopes were determined on a 
single W filament coated with Ta activator57. NBS 987 was used for internal control (mean 
value (n = 31) 87Sr/86Sr = 0.710262 ± 0.000016 (2σ)/recommended value 87Sr/86Sr = 0.710248). 
87Sr/86Sr ratios were corrected online for mass fractionation using 86Sr/88Sr of 0.1194 (ref. 58).  
Blanks were less than 600 pg of Sr. Nd isotopes determinations were run on a Re double 
filament. La Jolla standard was used for internal control (mean value (n = 16) 143Nd/144Nd = 
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0.511845 ± 0.000017 (2σ); recommended value 143Nd/144Nd = 0.511850). 143Nd/144Nd ratios 
were corrected online for mass fractionation using 146Nd/144Nd = 0.7219. Blanks were less than 
400 pg of Nd. 
Data availability 
The authors declare that all data supporting the findings of this study are available within the 
article and its supplementary information files. 
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